In order to explore the genetic variation of 0 antigens of Salnonella enterica, we surveyed 164 strains (132 serovars) belonging to 45 serogroups, using 25 mostly single-gene rjb DNA probes for colony hybridization. The results revealed that strains within a serogroup have very similar or identical rjb genes. At least three of the four rhamnose genes were detected in all 17 serogroups reported to contain rhamnose, and one or more were detected in three others. The likelihood of being detected decreased in the order MobB, nbC, rJbA, and rJbD, which is the map order, suggesting a gradient of divergence. Mannose pathway genes were much less conserved, and of 27 groups reported to contain mannose or mannose derivatives colitose or fucose, only 9 hybridized to the rJbM and obK probes. Dideoxyhexose genes were found only in groups reported to contain dideoxyhexoses. Group D2, which had not been studied previously, appears to resemble group Dl, with the substitution of one gene from group El to give a change in one linkage. In contrast to sugar pathway genes, sugar transferase genes did not in general hybridize to strains of other groups outside the closely related groups A, B, and D, with the exception of the galactose transferase gene also shared by groups C2, C3, and all E groups.
In many gram-negative bacteria, the major surface structure is the 0 antigen. It is part of the lipopolysaccharide which comprises lipid A and core in addition to the-0 antigen, which consists of repeating oligosaccharide units (O units), each containing three to five or more monosaccharide residues such as glucose, galactose, mannose, rhamnose, fucose, and, rarely, dideoxyhexoses such as abequose, tyvelose, paratose, or colitose. The monosaccharide composition and the position and anomery of the glycosidic linkages among individual monosaccharides and among 0 units varies among different strains, leading to a tremendous structural variety. On the basis of O-antigen composition, about 50 serogroups in Salmonella enterica have been identified, each then divided into serovars on the basis of other antigens.
In S. enterica, the enzymes for O-antigen biosynthesis are encoded in the rfb gene cluster (11, 19) . The entire gene cluster from group B S. enterica serovar (sv.) typhimurium LT2 has been cloned and sequenced (2, 8) . It comprises about 20 kb and 16 genes, most of which have been identified (Fig. 1) . The 0 unit is synthesized from nucleotide sugars. rfbB, rfbC, rfbA, and rflD encode the dTDP-rhamnose pathway, and rObF, rfbG, rfbH, rfbI, and rfbJ encode the dideoxyhexose pathway, although one designation is tentative, while rAbM and rflK encode the GDP-mannose pathway (19) . UDP-galactose is synthesized by housekeeping genes.
The rfb gene clusters of serogroups Dl (13, 21) , A (22) , C2 (3, 4) , El (24) , and Cl (9, 10) of S. enterica have been studied. Many of the genes were identified by hybridization and comparison of their restriction maps with those of strain LT2, with sequencing of regions that appeared to be significantly different. It was found that, in most cases, genes encoding a given enzyme in different groups are identical or extremely similar with regard to their restriction maps and, where examined, in their sequences. Several marked exceptions are discussed below.
Groups A and D were found to have rfbE and rAbS in place * Corresponding author. of rftAJ. rfbJ and rAbS both encode a dehydrogenase acting on the same substrate, CDP-4-keto-3,6-dideoxy-D-glucose, giving CDP-abequose and CDP-paratose, respectively. rfbE encodes paratose epimerase producing CDP-tyvelose. rfbE is expressed only in group D; in group A it is present but nonfunctional (21) , with paratose being incorporated into the O antigen.
In groups C1 (9) and C2 (4), the two mannose pathway genes were found to be different from those in the other groups and each other.
The rfbJ genes of groups B and C2 are very different, and there are differences in rflD and rfbN of El and other groups.
All S. enterica rjb gene clusters studied have a low G+C content, with some regions as low as 0.32 compared with 0.51, which is usual for S. enterica. It was also found that the G+C content is quite variable in the rib region, and it has been suggested that the clusters were assembled from several sources prior to being transferred into S. enterica (17) .
So far, only some common serogroups and even then only one strain from each group have been sequenced. In this paper, we report the survey of many strains from various serogroups. In some cases, the structures of their individual O antigens have been established, but, in general, only the sugar composition is reported or there is no information. The aim of our studies was to explore the genetic variation, using our detailed knowledge of those rib clusters which have been sequenced. We used most available individual rib genes for colony hybridization with chromosomal DNA from 164 strains representing 45 0 groups. We discuss the findings in the context of their relationships and evolution within the rib gene cluster.
MATERIALS AND METHODS
Strains. One hundred sixty-four S. enterica strains of 45 0 groups were taken from our laboratory collection (Table 1) (Table 2) . In all but one case (group M; see below), all strains of a given serogroup gave the same results, which are summarized in Fig. 2 .
Groups A, B, C2, C3, Dl, D2, El to E4, and 54. Five of the six rib clusters already sequenced are related (A, B, Dl, C2, and El). All have rhamnose and mannose pathway genes and the same galactose transferase gene; some have the dideoxyhexose pathway genes. The regions of difference, with one exception, are in the centers of the gene clusters, and these central regions of functional difference determine the differences in 0-antigen structure. In some cases, there is a sharp break in the level of identity among genes which are common to two groups and those which differ, for instance, the junction between rfbH common to groups B and Dl and rfbJ of group B or rfbS of group Dl. In other cases, genes in the conserved area adjacent to a junction show extreme sequence divergence, an example being the rfbD genes of groups El and B, which show a gradient of similarity from very similar at one end to almost no sequence similarity at the other end, where they abut different genes in the two groups (24) . The relationships of the five rib clusters have been reviewed recently (18) .
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Group D2 strains resemble group Dl strains in every respect except that they hybridized DNA from rfbU (El) but not rfbU (LT2) (Fig. 2 and Tables 3 and 4 ).
The data also showed that all group E (El, E2, E3, and E4) (Table 4 and Fig. 2 ), confirming that all have the C2 rfb region and are modified by the presence of a conversion phage (5).
Rhamnose biosynthetic pathway and transferase genes.
Rhamnose is a very common sugar in S. entenca 0 antigens, known to occur in 17 of 50 serogroups tested (14) . Some group M strains, including sv. dakar, have rhamnose, but others do not (sv. brisbane was not tested). The rhamnose pathway starts from glucose-l-phosphate and gives dTDPrhamnose in four steps encoded by the genes rfbA, rflB, rfbC, and rfID. All four genes are fully conserved in groups A, B, C2, and Dl, but in group El rfbD has diverged substantially from the gene in other groups.
The rMbA, rfbB, and rfbC probes hybridized with DNA from all groups reported to have rhamnose in their 0 antigens, indicating genetic conservation, although rfbA DNA gave only weak signals with groups M, 53, and 57; however, rfbD did not probe some of these strains at all (Table 5 ). The group M sv. dakar strain hybridized to rfbB, rfbC, and rflA, but sv. brisbane hybridized only to rfbB.
The rhamnose transferase gene, rflbN, of LT2 hybridized only to DNA from groups A, B, Dl, and D2. We also used the rhamnose transferase gene, rfbN, of group El sv. anatum as a probe, and DNA from serogroups El E2, E3, E4, and 54 hybridized well.
The map order of the rhamnose pathway genes does not correlate with their functional order (ABCD), and the amount of divergence we observed increases in relation not to function but to map order (BCAD) in the form of a gradient from rfbB to rfbD (Fig. 2) . rfbB is very conserved among all strains, whereas rfbD is very variable. Groups F, T, and 59 resemble group El in their rhamnose pathway genes. Given the high similarity among rfbA, rFbB, and rfbC in these strains, we suggest that the organization of these genes is the same and that all also have rfbD but that it abuts genes not homologous with those of the other groups and has diverged as in group Dl.
The hybridization pattern of groups M, 53, and 57 closely resembles groups F, T, and 59, but in the former the rflA gene also differs significantly from the type gene of group B (Fig. 2) . In groups Q, 56, and 60, only rfbB can be detected by hybridization.
There is a gradient of sequence variation within rAbD between rflD (B) and rflD (El) which we interpreted as due to genetic drift being restricted at the 3' end of the gene by constraints on recombination imposed by the nonhomology of the adjacent gene (24) . The gradient observed here (Fig.  2) , with the number of the strains hybridizing decreasing from rfbB to rfbD, suggests that this gradient is present in other groups but can extend over a greater distance, in some cases covering three genes. Mannose pathway and transferase genes. Mannose pathway genes are quite variable even within the five serogroups sequenced. Those of groups B, Dl, and El are essentially identical, but group C2 genes have 12.4 and 31.7% nonidentity at the amino acid level and group Cl genes have about 42 and 76.3% nonidentity. In the case of group Cl, the rfbK gene is very similar to the cpsG gene (96.9% identity) and is thought to be the product of a relatively recent gene duplication (9, 20) .
Nineteen serogroups of 50 studied have been reported to contain mannose in their 0 antigens (6, 14) . GDP-mannose is synthesized from glucose-l-phosphate in two steps encoded by rfbM and rfbK. The syntheses of GDP-fucose and GDPcolitose are extensions of the GDP-mannose pathway, adding another eight groups expected to have rfbM and rfbK. However, rfbM and rfbK probes from LT2 each hybridized at high-stringency conditions with DNA of only nine serogroups (Table 3 ) and with DNA of groups C2 and C3 at low stringency. The DNA sequence data had revealed that the rfbM and rfbK genes of group C2 are quite distinct from the respective genes in the other serogroups studied so far (4). We therefore probed DNA from our set of strains with an rffbM-rfbK probe from group C2 to establish their relationships with other groups, but only group C2 and C3 DNA hybridized well and groups A, B, D, and E showed low similarity at low stringency. We also used the rfbK and rfbM J. BACTERIOL. (22) . Presentation of groups C2 and C3 is based on the sequence of a C2 strain (4), and that of E groups is based on a full sequence of one strain of group El (24) ; only genes also present in group B (and Dl) are shown. For all other strains of the above-named groups and all strains of other groups, the presentation is based on hybridization reported in this article, and map order is based on homology. Shading for each gene indicates rflX or the sugar component involved, with rfbN, -P, -U, and -V being transferase genes (12) and the others being pathway genes (18) . The level of shading indicates amino acid identity of sequenced rjb regions with group B strain LT2. The sequence data have been summarized recently (18) . genes of group Cl sv. Montevideo and obtained positive signals for most strains with rfbK, whereas -fbM of group Cl did not hybridize with DNA from any other group (Table 3 and Fig. 2) . However, as stated above, rfbK of group Cl is very similar to the capsular polysaccharide pathway gene cpsG of S. enterica, and it is quite possible that the positive signals are due to cpsG being generally present.
The mannose transferase gene rfbU of strain LT2 hybridized only with DNA from groups B, A, and Dl. The enzyme forms exactly the same a(l-4) linkage to rhamnose in the three groups (B, A, and Dl). Group El has a P(1-4) linkage to rhamnose, and the rfbU gene from group El sv. anatum has little homology with the group B gene (24) . We therefore used this gene as a probe, and it hybridized with strains of groups D2, El, E2, E3, E4, 54, 59, and F (Table 3) . Group D2 is discussed below. Hybridization to groups 59 and F is not understood as neither group hybridizes to mannose pathway genes and group 59 is reported not to contain mannose (14, 23) .
Galactose transferase gene. Galactose is a very common sugar in lipopolysaccharides of S. enterica present in many 0 antigens. The galactosyl transferase gene rfbP of LT2 has been located at the right end of the rfb gene cluster (8) , and a similar gene has been found in strains of groups A, Dl, El, and C2. By using gene rfbP from strain LT2 as a probe, all strains of groups A, B, C2, C3, D1, D2, El, E2, E3, E4, and 54 were hybridized, but DNA from other groups did not give positive signals with this probe (Fig. 2) .
Membrane protein gene JbX. Every rib gene cluster sequenced contains one gene encoding a protein with about 12 putative transmembrane segments, which has been termed rfbX, the archetype being rfX (originally orflZ8) of LT2 (4, 8, 10, 13, 18, 24) . However, the OfbX gene is extremely variable (18) , and our hybridization results showed that although the gene is very similar in all group B strains, the LT2 gene does not hybridize with DNA from any strains of other groups.
Evolution. With the exception of group M, all strains within a group gave identical hybridization patterns. Group M strains differ in the presence of rhamnose (see above), and sv. brisbane may be a non-rhamnose-containing form. It remains to be seen whether group M needs to be subdivided.
We had only one representative each from serogroups 53 to 61 (eight groups). Of these groups, 54 is known to be diverse (see above), but our data cannot add any information on variation within these groups. Of the remaining 37 groups, we had two or more representatives for each, and strains from 20 groups hybridized to one or more of the probes used. If the 0 antigens are the same, then it seems that the rfb cluster will be the same. This is an interesting VOL. 175, 1993 4882 XIANG ET AL. The evolution of the mannose and rhamnose pathways is been derived from group Dl by substitution of a 3-mannosyl clearly complex, with the variation in rhamnose genes being transferase for an a-mannosyl transferase (or Dl from D2 by compatible with variation being due to genetic drift leading the reverse substitution) or, alternatively, by the addition of to divergence of one end, as proposed previously for group a dideoxyhexose pathway to the group E cluster. It seems El (24) . Groups F, T, 59, M, and 53 to 57 and possibly Q, 56, clear from the data presented here that there was a substiand 60 appear to have rhamnose genes in the same relationtution of a P-transferase for the a-transferase of group Dl:
ship to the central structure-determining region as in the groups B, Dl, and D2 have the same rfbD and rflN forms, well-characterized groups A, B, C2, Dl, D2, and E. Twelve whereas those of group E have diverged substantially. The of them are also expected to have mannose pathways, of most parsimonious tree is shown in Fig. 3 . The a transferase which only 9 were probed by the rfbK or rfbM gene of LT2, is present in group B, which is related to group Dl although suggesting that they are more prone to divergence than there has been considerable sequence divergence of genes rhamnose pathway genes. None of the groups which have rfbX and rfbV and functional divergence of rfbJ and rfbS fucose or colitose, both synthesized via GDP-mannose, were (18) .
probed with LT2 rfbK or rfbM DNA. Clearly, these pathDivergence of group E involved divergence of the a and ,B ways are not closely related to the group B mannose transferases, and divergence of groups B and D involved pathway, and sequencing will be required to determine the divergence of rflJ and rfbS. The simplest explanation for the detailed relationships.
antigen of group D2 seems to be substitution of a P-trans- ferase for an a-transferase, and we are presently sequencing the DNA through this region of a D2 strain to look for evidence of the substitution event.
There was one totally unexpected finding: rfbB DNA hybridized with DNA from both strains of group Q, which do not have rhamnose. We have no explanation for this observation, but perhaps group Q has an unreported sugar also made via GDP-4-keto-6-deoxyglucose, such as fucosamine (7).
General conclusion. We have detected hybridization with one or more genes of 20 of 45 serogroups studied. In all 20, one or more rhamnose genes were detected, and this included all of the 17 (of 50) groups previously shown to have rhamnose. It seems that all of the rhamnose-containing groups in S. enteica may be in one large family. The rfbP gene, which initiates O-unit synthesis on undecaprenol, was detected only in groups generally similar to our type strains. It remains to be seen whether other groups have a divergent rfbP gene or initiate synthesis with a different sugar. There was in general a distinction between pathway and transferase genes: typically, transferase genes probe very few groups whereas pathway genes probe more extensively. The groups not already sequenced. We conclude that group D2 arose by lateral transfer of this transferase gene to a group D1rb cluster. We as yet know very little of the other 25 groups in the study, which showed no similarity by hybridization with genes from the groups we have sequenced: group C1 is clearly not closely related to other groups, but it remains to be seen whether there are other families of related structure among the others.
